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INTRODUCTION 
CHAPTER [T] 
1.1 Introduction 
Protect ive coat ings have become the most important component 
of mater ia l performance. The coatings are required not only 
at high temperature but they are a l so required at ambient 
temperatures, e i t h e r to protect from aggressive environment 
or sometimes for a e s t h e t i c r e a s o n s . The main aim of 
p ro tec t ive coat ings i s to act as a physical b a r r i e r between 
the environment and the material which i s reac t ive to the 
environment i f l e f t as such. 
The main c r i t e r i a for s e l e c t i n g t h e m a t e r i a l s for high 
temperature app l i ca t ion are : 
(i) High strength; 
(ii) Good creep resistance; 
(iii) Good fatigue and impact resistance and microstructural 
stability; 
(iv) Good oxidation and corrosion resistance. 
It is often not possible to achieve all these properties, 
simply by proper alloy designing. For many high temperature 
applications both high strength and strong oxidation and 
corrosion resistance are main requirements.However, in 
designing of an alloy, if strength is taken care, it is at 
the cost of corrosion resistance and if corrosion resistance 
is improved, the strength of the alloy is affected. For 
example, in case of super alloys, higher chromium content is 
preferred for increased corrosion resistance, but this 
affects the mechanical properties considerably. However, if 
aluminium content is increased at the expense of chromium to 
increase the strength, the corrosion resistance decreases 
considerably. Thus, if the alloy is designed for better 
strength it is possible to improve the corrosion resistance 
by applying external coatings. From metallurgical point of 
view the main objective behind coating development has been 
to achieve a combination of properties not conceivable by the 
metal or alloy acting alone. 
1.2 Choice and Requirement of the Coatings 
It is necessary to consider following points before a coating 
is selected for a particular system 
(i) Function of the component on which coating is being 
applied 
(ii) Life for the component 
(iii) Howmuch extension, the coating will provide to the 
component. 
(iv) Interference of coating with other properties of 
components such as toughness or fatigue strength, 
(v) Whether the coating will be easily repaired, 
(vi) Whether the coating will be applied to the finished 
product or before fabrication, 
(vii) Cost benefit vs choice of a better alloy and 
(viii) The type of degradation the coating is expected to 
undergo. 
The requirement of the coating may vary according to the 
nature of the component and the system. However, there can be 
few general requirements. These requirements are as follows : 
(i) The coating should have high degree of 
oxidation/corrosion resistance depending upon the 
temperature and the environment; 
(ii) The coating should remain intact and crack free 
during designed life; 
(iii) During exposure to high temperature environment, it 
should form a very low growing oxide to protect it 
from any further attack; 
(iv) In case the oxide scale cracks, the coating must be 
able to reform the protective oxide at the earliest; 
(v) The coating should be easily repairable, if possible, 
without removal from its place; 
(vi) The coating process should be easy, cost effective and 
can be used for inaccessible components also. 
The protective properties of coatings[l] are dependent on two 
extremely important factors. 
(i) The mechanical and chemical properties of the film 
itself, 
(ii) Adhesion, the bond between the film and the surface it 
covers. 
The first factor is independent of the surface to be covered 
and is entirely dependent on the properties of the film and 
other constituents of the film. The second factor plays an 
important role in coating technology. It is determined by the 
physical and chemical properties of the surface of the 
coating and the substrate, and by the forces acting between 
the surfaces. 
1.3 Classification of Coatings 
There are a number of ways to classify coatings. One way to 
classify them is according to the properties of the coatings 
and the nature of the metals and alloys on which the coatings 
are applied, for example, metallic and non-metallic coatings. 
The metallic coatings are comprised of films of metals or 
alloy deposited on the substrate by the process of spraying, 
diffusion or electrolysis. The non-metallic coatings consist 
of layers of non-metallic substances on the substrate and are 
further classified into organic and inorganic coatings. 
Organic coatings contain an organic compound of high 
molecular weight such as dye, rubber, plastic or a 
combination of the two or more such materials and a carrier 
which is usually a mineral oil. Inorganic coatings include 
phosphate, oxide, silicate, chromate, and borate coatings 
which are used for less severe corrosion environments and at 
moderate temperatures and aluminide , boride, silicide, 
carbide and nitride coatings which are suitable for more 
severe corrosion environments and at elevated temperatures. 
There are several other ways to classify high temperature 
coatings, for example, in terms of their mechanism (overlay 
or diffusion) or the techniques used (CVD, PVD, spray 
coatings, plasma or laser etc), but the more appropriate way 
is perhaps to group the various coatings in terms of their 
performance. In terms of their performance, various coatings 
can be categorized into three groups[2] . 
(i) Classical Coatings : These include mainly diffusion 
coatings such as aluminides, silicides or chromium 
coatings, deposited by pack cementation, slurry or hot 
dipping, 
(ii) Modern Coatings: These include overlay coatings as 
thermal barrier coatings, deposited by PVD, electron-
PVD or plasma spraying, 
(iii) Advanced Coatings: which are 
(a) Aluminized coatings deposited by CVD; 
(b) Aluminide coatings modified by noble metals such as 
platinum or palladium, chromium, or by reactive elements, 
yttrium, hafnium or other rare earth elements. 
(c) Complex overlay coatings, deposited by duplex, or triple 
deposition process with usually a first MCrAlX coating 
followed by consolidation process. 
(d) Laser deposited coatings and laser remelted overlay 
coatings. 
(e) Intermetallic coatings, aluminide coatings on titanium, 
titanium aluminides or disilicide coatings on niobium or 
niobium based alloys. 
(f) Composite aluminide coatings such as nitride-, boron-, 
carbide aluminide coatings for titanium. 
1.3.1 Aluminide Coatings 
The aluminide coatings which were introduced in late 1950's 
are based on aluminide compounds. These are the most widely 
used and best established high temperature oxidation and 
corrosion resistant coatings. The coating can be formed by a 
number of techniques such as hot dipping, flame spraying, 
slurry or pack-cementation. Among these techniques, pack-
cementation is the ideally suited in which the coating 
elements enter the alloy by diffusion. In recent years 
electron beam physical vapour deposition and plasma spraying 
have also been used for producing these coatings. The alloys 
for which the processes are suitable are mild steel, 
stainless steel and nimonic alloy. 
The aluminide coatings have been used on Ni- or Co-based 
super alloys where Ni- and Co- aluminides are formed, 
respectively. These coatings are utilized by gas turbine and 
air craft manufacturers to increase the operating temperature 
and period of engine overhauls[3]. In case of Ni- or Co- base 
super alloys, it has been shown that the morphology and 
composition of aluminide coatings and the corrosion behaviour 
depends upon the condition whether the Ni- or Co- diffuses 
outwards to react with Al or vice-versa [4] . The Protection 
afforded by these coatings is based on their ability to form 
and replenish protective scale of alumina. Aluminide coatings 
are known to protect steels from oxidation and corrosion in 
hydrocarbon and sulphur bearing atmosphers e.g. refinery 
processing. Aluminide coated steel tubes are finding 
increasing use as reactor internals and heat exchangers 
etc[5]. These coatings also find use in coal gasification and 
liquification technologies. The aluminized steel performs 
better than stainless steel. An uniform aluminide diffusion 
coating has been developed by Prabhakaran et al[6] which 
shows good oxidation resitance. The basic material used was 
low alloy steel specimen from spacers, saddle coatings and 
tubes used in boilers. 
An umpteen number of references are availbale on the high 
temperature oxidation and hot corrosion of aluminide 
coatings[7]. Lavendel and Henry[8] have prepared corrosion 
resistant aluminide coatings on Fe- and Ni- base alloys. The 
fused slurry of Nickel-containing coatings having 55-85% Al 
and 5-10% Si was deposited on mild steel and inconel-600 
substrates. Phase composition and distribution in the 
coatings were controlled by adjustment of reciprocal 
activities of Al and Ni in the reactive liquid generated 
during fusion. Slurries with balanced Al-Ni concentration 
produce single phase coatings. The coating forms a thin 
adherent protective scale on inconel-600 within the first 
125h of cyclic air exposure at 1100°C. The coating is 
degraded either by the loss of Al or enrichment in Ni or Fe 
by interdif fusion with the substrate. The -[--NiAl a 
transformation product of jS- NiAl retains enough Si in 
solution to maintain unchanged oxidation kinetics. The 
coating is better than the common aluminide coating and is 
good for use in gas turbines. 
The influence of chromo-aluminide coatings on the creep and 
stress rupture properties of a wrought Udimet-520 nickel base 
super alloy used in gas turbine blade applications has been 
reported[9]. Creep and stress rupture tests were conducted at 
802°C on coated and uncoated wrought bars in the fully heat 
treated conditions. The test showed that the application of 
the chromo-aluminide coatings caused a marked deterioration 
in rupture strength and ductility. The mechanical behaviour 
in the coated creep resistant alloy was correlated with the 
microstructures. The formation of nickel aluminides by the 
thermal explosion mode of gasless combustion synthesis was 
investigated for Ni-Al powders ranging in composition from 5 
to 30% of Al[10] Compound formation was found to take place 
sequentially starting with the most aluminium-rich and ending 
with AlNi3 as the predominent compound in the product. 
Compound formed through both solid and liquid state 
reactions, with the relative contribution of each depending 
on the rate of heating of the powders to the reaction 
temperature. Aluminium (Al-N) thin films have been used as 
protective overcoats for terbium-iron magneto-optical 
media[11]. Protective performance of the aluminium nitride 
overcoats was evaluated by electrochemical polarization, 
immersion tests and environmental exposure studies. The 
corrosion current for Al-N coated Tb-Fe films are 
significantly lower than those of unprotected Tb-Fe films 
indicating that Al-N protective films have lower corrosion 
rates. Further, Al-N coatings were found to exhibit better 
corrosion resistance than silicon dioxide(Si02) overcoated 
Tb-Fe films. 
There have been a few investigations on the structure and 
phase composition of aluminide diffusion layers on both plain 
carbon and stainless steels[12,13]. The nature and growth 
kinetics of the coatings are influenced by temperature, time 
and type of activator (halide salt) [14] . Pack aluminizing of 
steel in unalloyed Al pack yields non uniform, brittle FeAl2 
and Fe2Al5 coatings. Smooth, adherent and uniform FeAl could 
be obtained using a ferro aluminium pack with NH^F.HF 
activator. The coating layer grows parabolically with time. 
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It is a conunon practice in gas turbine industry to coat hot 
components with materials which are resistant to hot 
corrosion. The formation of cracks on the coating surface 
could proceed inward into the parent material and shorten the 
life of the component. The importance of the effect of the 
coatings and post-coating treatment on the mechanical 
properties of Ni-base superalloy has been studied[15,16]. It 
has been investigated that the application of an aluminide or 
chromo-aluminide hot corrosion resistant coating on Udimet-
520 degraded the creep rupture properties of the base 
material. The Udimet-520 nickel base super alloy strengthened 
t>y TT-precipitation and grain boundary carbide is prone to 
carbide cavitation damage introduced during the chromo-
aluminide coating process. 
1.3.2. The Modified Aluminide Coatings 
1.3.2.1 Chromium Modified Aluminide Coatings 
The pure aluminide coatings have poor resistance to hot 
corrosion. This however, can be improved if some chromium is 
incorporated in the coating. This can be done, either by 
adding additional chromium to the substrate by the formation 
of a-Cr layer [17] or with a graded Cr enriched "pphase 
layer without a:-Cr[l8] . This is followed by aluminizing with 
pack cementation or other techniques. 
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Second method is the co-deposition of aluminium and chromium. 
This can be done by a single step pack cementation process. 
It has generally been reported[19] that simultaneous 
deposition of Cr and Al on a Nickel base alloy by pack, is 
difficult because of difference in diffusivity of Cr and Al 
in NiAl. However, one step chromo-aluminizing coatings have 
been made with microstructure of chromium and NiAl layers, 
quite different from conventional aluminide coatings. 
Rapp[20] has recently produced a coating with a Kanthal like 
surface composition Fe-20, Cr-4, Al by simultaneous 
chromising and aluminizing iron or low alloy steel by using a 
high activity Cr/Al master alloy and rotating pack[20]. Rapp 
has produced several other co-deposited aluminide coatings by 
incorporating rare earth elements such as Y, Zr or other 
elements such as Boron. 
1.3.2.2 Platinum Modified Aluminide Coatings 
Significant improvement in the high temperature hot corrosion 
HTHC {900-1000°C) of aluminide coatings have been reported if 
Pt is incorporated with aluminide. Low temperature hot 
corrosion (LTHC) is little affected by this modification. 
There is strong change in the structure of the coatings. The 
role of platinum in the aluminide system is very similar to 
the role of Ni in NiAl. Pt is relatively immobile in Al-rich 
NiAl phase and highly mobile in Ni-rich NiAl phase. The 
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platinum modified coatings develop a spectrum of structures 
derived from archetypal two zone and three zone structures of 
standard aluminides, depending upon the aluminizing 
treatment, and platinum deposited heat treatments, prior to 
aluminization of the alloy and this results in the 
improvement in the hot corrosion at high temperatures[21,22]. 
Chromium modified platinum aluminide coatings have been 
prepared by either electroplating platinum, followed by pack 
chromising and subsequently low activity aluminizing or by 
pack chromising, followed by electroplating platinum and 
finally low activity aluminizing. Pt-Cr-Al coatings exhibit a 
three zone structure similar to low activity platinum 
modified aluminide coating. Cr-Pt-Al coating has somewhat 
more complicated structure. There is a thick high density 
surface layer of PtAl2 with a small volume fraction of 
a-Chromium. The structure with high level of platinum and 
chromium in a localised region of the coating, suggests an 
initial inward diffusion of Al, which entraps the platinum 
and chromium followed by reduced Al activity and subsequent 
nickel diffusion. These coatings have shown very good 
resistance to LTHC[23]. 
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1 . 3 . 2 . 3 Palladium Modified Coatings 
It has been reported that palladium modified aluminide 
coatings are inferior to the corresponding platinum modified 
coatings. This is mainly due to the hydrogen embrittlement 
during the deposition. This can however, be prevented if the 
gas intake is prevented by replacing palladium by a palladium 
+ M (M can be Ni, Co, or Cr, which have very low hydrogen 
solubility) or by applying on to the substrate a duplex 
predeposited made of two metallic layers, a pure palladium 
and a top layer of metal M[24]. 
1.3.2.4 Yttrixim and other Rare Earth Modified Aluminides 
Rare earth addition, as it is well known, improves the 
protective properties of the coatings. Wu. et al [25] have 
reported improved hot corrosion resistance of superalloy 
coated by slurry, ytterizing step in NaCl+Na2S0^ environment. 
Another way of preparing the coatings was ion implantation of 
Y after aluminizing. The reverse method of aluminizing on Y 
ion-implantated substrate was not possible[26]. Improved 
corrosion resistance was noticed due to better adherence of 
the alumina layer formed. The aluminide coating dispersed 
with oxides Y2O3, La203, Gd203 and Ce02, electrodeposited on 
the substrate followed by aluminizing showed improved 
performance[25]. 
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1.3.3 Carbide Coatings 
These coatings have advantage over other inorganic high 
temperature coatings due to their strong and hard nature[27-
34]. They are better heat resistant and oxidation resistant. 
Silicon carbide, boron carbide and the transition metal 
refractory carbide have been used as coating materials. These 
coatings have a wide range of application in nuclear reactors 
and other high temperature assemblies working in corrosion 
environments. The carbide is deposited by thermal 
decomposition of halide vapours and diffusing carbon 
simultaneously[35]. In another method the oxide of metals are 
mixed with graphite and Al-powder and the product is heated 
in a crucible containing metal which has to be coated. Heat 
resistant chromium carbide coating on steel is obtained by 
using a mixture of low alkali bprosilicate glass and chromium 
carbide powder. The coating is performed in an atmosphere of 
argon. Recently titanium carbide coatings have been 
obtained[36] . They are applied to iron base alloys used in 
Navy to overcome marine corrosion. 
1.3.4 Boride Coating 
These coatings are prepared by gas plating[37] . The chemical 
reaction involved is as follows, 
TiCl^ + 2BCI3+ 5H2 >• TiB2 + 10 HCl 
The coating is formed at ten^ jerature higher than 600°C and 
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deposition takes place at 780°-950°C with a coating thickness 
of >3 u. Recently Moskowitz et al[38] have obtained boride 
coatings by spray and fused self fluxing process. Powdered 
Ni- or Co- base alloys containing Cr were mixed with 
elemental boron sprayed on the substrate surface and fused, 
self fluxing alloy powder precipitated from a viscous melt of 
the alloy formed a hard coating of chromium boride or 
chromium carbide. 
1.3.5 Silicide Coatings 
These coatings are heat resistant and protect Nb, W, Ta, Mo 
and other refractory materials from high temperature 
oxidation[39,40] . Silicon is deposited on metal surface by 
passing mixture of H2 and Silicon halides over the metal 
"^^^rface. A silicide coating [41] has been prepared from a 
flamS^ spray powder mixture. The metal silicide is selected 
from the group consisting of disilicides of Ti, Zr, Hf, V, 
Nb, Ta, Cr, Mo, W, Mn, Co, B and Mg. Metal silicides have a 
good corrosion resistance at high temperature, and may 
therefore be used as protective coatings. Zirconium silicide 
coatings were prepared by depositing silicon from mono-silane 
on heated zirconium samples[42-44] and then its oxidation 
behaviour was studied in an atmosphere of oxygen and water 
Vapour, The oxidation of these coatings follows the general 
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rate law {Am)"=kt. Good corrosion resistant property was 
shown by this coating compared with that of pure zirconium. 
The influence of molten Vanadium-rich deposits upon silicon 
coated Ni/20 Cr alloy has been examined at 900°C under oxygen 
using 20-80% mixtures of V2O5 and Na2S04 as corrodant[45,46]. 
Coating applied by plasma spraying, pack cementation, ion 
implantation and vapour deposition were all found effective. 
It was found that the coating obtained by ion implantation 
was most reliable with good adhesion, uniform composition and 
even thickness. The barrier type layers involving both Si and 
Cr containing species showed the improved behaviour. 
1.3.6. Nitride Coatings 
Though nitride coatings have good adhesion and high 
temperature corrosion resistance properties but very limited 
work has been carried out on these coatings. To prepare these 
coatings NH3 is used as nitriding agent. Ammonia is mixed 
with vapours of metal halide and then passed over the 
substrate to obtain nitride coating. For example, titanium 
nitride coating can be prepared by reacting TiCl^ with NH3 in 
the temperature range of 900-1200°C in a nitride coated steel 
or in a quartz reaction vessel[47]. Simple procedure is 
employed to prepare the coating of BN [48] on Ni, W, Cu and 
Mo metals and steels. The nitride films of 0.35 urn thickness 
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were deposited by using high frequency heating in N2 at 
450°C and 0.3 torr. I.R. spectroscopy and x-ray diffraction 
techniques were used to characterize the film compatibility 
temperature, which followed the order-. Ni> steel>Mo>W. The BN 
coating has better adhesion than Si02 and AI2O3 coatings. The 
TiN coatings have some exceptional advantages over other 
nitride coatings [49-56] due to its high hardness, good wear 
and corrosion resistance, chemical stability and attractive 
golden appearance. To obtain the TiN film on specimen ion 
plating and sputter deposition techniques were used. The 
chemical and structural composition of the films were 
characterized by x-ray diffraction, scanning electron 
microscopy and electron spectroscopy. Corrosion testing was 
carried out potentiodynamically in deaerated IN H2SO4 aqueous 
solution at 25°C. Test results indicate that dense ion plated 
TiN films have a passive corrosion current density as much as 
five orders of magnitude less than other coatings. 
1.3.7 Silicate Coatings 
An excellent high temperature corrosion resistance has been 
reported by these coatings. These coatings are suitable for 
steel or aluminium. In air and H2S these coatings are used as 
high temperature corrosion resistant and cathodic protection 
of under ground metal structures[57]. Complex silicate of 
glass composition is the recent development in silicate 
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coatings [58] . Some Pi-based ceramic coatings have been 
developed for heat resistant Ni, Co, and Fe-base alloys[58-
60] . These are used as sacrificial coatings to prevent 
crevice corrosion caused by the stray currents, differences 
in stress through structures and the differences in soil 
conditions. These coatings have also been found suitable for 
gas turbines. 
1.3.8 Phosphate Coatings 
Phosphate coatings are most extensively used coatings amongst 
inorganic coatings. These coatings have property to absorb 
oil but are unstable in acids and alkalies. These coatings 
greatly improve the adhesion of paints on metals and retard 
the corrosion process under the paint film even in those 
regions where the paint has been damaged. A large number of 
references are available on their preparation, properties and 
applications. These coatings are prepared by treating metal 
or alloy with phosphoric acid or solution of primary 
phosphates of Mn, Fe, Zn, Al or Cd. The basic properties of 
phosphate coatings depend on the surface preparation, the 
solution composition and operating conditions. A corrosion 
resistant glassy coatings of phosphate on the ferrous alloy 
was obtained by mixing ZnO:54%, P205:45.5% and AI2O3 0.5% on 
oxide group IIA or IIIA metal (> 1.0%). Bogi and Mc 
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Millan[61] reported a two stage phosphorating process for 
coating on steel. An important and novel phosphate coating is 
Boron phosphate coating [62,63] , which is prepared by mixing 
equimolar amount of P2O5 and B2O3 at 600-650°C. Conversion 
coatings[64] for Al have been prepared by using Zn, Cr and Ni 
phosphates. In these coatings the crystalline and amorphous 
phosphates are present in the form of 54 Zn3 (PO^) 2-'^^ AlPO^, 
Ni3(P04)2 IIH2O and Cr(0H)2. HCrO^. A1(0H)3 .2H2O 
respectively. These coatings are used in making containers 
and in aerospace industry. The reaction of aluminium 
trichloride and orthophosphoric acid in presence of ethyl 
alcohol and HCl produces a white crystalline inorganic 
coating. The heat resistant, mechanically stable and high 
speed gas flow resistant phosphate coatings have recently 
been prepared[65] by the addition of AI2O3 15-20%, B2O3 1-4%, 
CaO 1-3% and BaO 1.5-3.5% to a composition containing Si02 
10-30%, A1(0H)3 3-15% and Al phosphate as binder. 
1.3.9 Borate Coatings 
It is found that the coating of orthoboric acid is effective 
on pure iron and decreases the oxidation rate in oxygen in 
the temperature range 700 - liOO^ 'C. On these coatings limited 
amount of work is reported. When in contact with the heated 
iron surface, the B2O3 powder dissolves any residual or 
reformed scale. It has been proposed that the oxygen 
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dissolves in the melt and is transported to the melt/iron 
interface. At the surface, solution of iron and oxygen ions 
continue until a complex iron-oxide boron-oxide complex is 
precipitated. The complex oxide is iron boroferrite 4FeO. 
Fe203. B2O3. 
1.4 Coating Methods 
A number of coating techniques are available to deposit the 
coating materials on the surface of the substrate. These 
methods range from traditional paint, dip, electroplating, 
chemical vapour deposition to recently developed physical 
vapour deposition. Some of the techniques have acquired 
commercial status, while some are still in research and 
development stage. Depending upon the requirement, a 
combination of mehtods can be employed to achieve a 
multilayer complex coating. 
1.4.1 Pack Cementation 
This is the most widely commercially used method for 
depositing aluminide and chromised coatings. Pack cementation 
is essentially a chemical vapour deposition in which the 
substrate after thorough cleaning is placed in an air tight 
retort containing a mixture of aluminium (or aluminium 
alloy), a halide activator (NH^ Cl or NaCl or CrF2) and an 
inert filler such as AI2O3. Heating is carried out from 750 
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to lOOCC, for more than one hour. The halide activator 
decomposes, halogen reacts with aluminium to form aluminium 
halide and diffuses to the substrate surface, releasing 
halide ions which once again react with the aluminium powder 
in the pack. The deposit on the surface of the substrate 
diffuses to form a zone, whose thickness depends upon the 
temperature and time of heat treatment .The microstructure of 
the coating is controlled by the substrate composition, 
temperature and the pack composition. 
The limitations of the coatings are: high temperature 
involved during coatings, which may induce metallurgical 
changes in the substrate, the coating composition and 
structure may vary over a large component, problem of peeling 
the coating before joining two large components. 
1.4.2 Gas-phase Chemical Vapour Deposition (CVD) 
This method CVD differs from the pack cementation process in 
the sense that the substrate is not in the direct contact 
with the powder mixture and instead the vapour of the coating 
constituents, arrive at the surface. The gaseous transporting 
agent, generated in a separate chamber can reach the surface 
of intricate shapes. This process can be scaled up and an 
industrial process has been developed by SNECMA[66] SVPA 
(Snesma vapour phase aluminising) process. 
22 
CVD is divided into four groups. 
(i) Thermal deposition e.g. Al-triisobutyl to produce Al. 
The coating of Ru, Pd, Pt, Au, Bi, Sb and Zr can also 
be thermally deposited. 
(ii) Reduction of a halide by H2 resutls in deposition of 
Os, Rh, W, V and Nb. 
(iii) Reaction of a halide to give a refractory compound of a 
metal like carbide, nitride or oxide of titanium, 
(iv) Disproportionation Reaction e.g. AlCl gives Al and 
AICI3. In CVD bonding between the coating materials and 
substrate takes place by interdiffusion process.CVD can 
form wear resistant layers and high temperature 
coatings[67] . 
The main advantages of CVD are: reuse of the pack, easy in 
masking the undesired area and absence of any surface 
contamination of pack particles. Both metals and 
semiconductors can be deposited by CVD. 
1.4.3 Slurry Coatings 
Slurry coatings are obtained by applying a powder mixture of 
aluminium or aluminium alloy plus an activator along with a 
binder either by spraying or brushing, which is then 
subjected to diffusion treatment at temperature in the range 
of 1000 - 1200°C. Depending upon the aluminium content in the 
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s lu r ry , the coating can be formed by inward diffusion of 
aluminium or by outward di f fus ion of base a l loying elements 
if a c t i v i t y of Al i s low. The addi t ion of Y or Ce along with 
chromium has long been t r i e d s u c c e s s f u l l y u s ing s l u r r y 
method[68]. Slurry technique has been successfully used for 
the preparat ion of inorganic coatings on aus t en i t i c and mild 
s t e e l . Inorganic coating mate r i a l s were mixed with c i t r i c 
a c i d , Ti02 , Mn02/ b o r i c a c i d e t c . t o promote s u r f a c e 
adhes ion . Prec ious metal a luminide coa t ings and s i l i c o n 
modif ied s l u r r y c o a t i n g s fo r s u p e r a l l o y s have a l s o been 
developed recent ly [69] . 
1 . 4 . 4 Hot Dipping 
Hot dipping involves immersion of the par t to be coated in a 
mol ten pool of metal t o form i n t e r m e t a l l i c c o a t i n g by 
i n t e r a c t i o n with the s u b s t r a t e . Diffusion takes place during 
dipping or during subsequent hea t ing . Hot dipping of i ron or 
i ron base a l loys in Al-Zn a l loys r e s u l t s in the formation of 
Fe2Al5 c o a t i n g s on the s u r f c e , whereas under t y p i c a l 
g a l v a n i s i n g c o n d i t i o n s , FeCl3 and FeAl^ c o a t i n g s are 
formed[70] . 
24 
1.4.5 Flame and Plasma Spraying 
In these methods the coating alloy in the form of powder or 
wire is injected into a flame or plasma where it melts and 
forms small molten droplets. The atomization is an important 
aspect of this process. The droplets are then projected on 
the surface to be coated with the help of high pressure gas, 
where it splats and freezes on impact. The integrity of the 
coating depends upon the atomization, the melting of the 
particles, the degree of oxidation of the droplets and the 
velocity of impact. 
A wide range of techniques are available which modify one or 
more of the above parameters[2,71, 72] . Flame spray with 
acetylene-oxygen gives a relatively low temperture, which 
increases using arc, detonation gun or using plasma where the 
temperature increases to as high as 15,000°C compared to 
2000°C in flame, 35000°C in arc and 7000''C in detonation gun. 
The bonding increases considerably in detonation gun, while 
density and homogenization improves considerably in plasma 
because of lower oxidation of droplets. Still improved 
version of low pressure plasma spray coating or vacuum plasma 
spray produce a very dense coating of fine quality. This 
technique however, requires a chamber and a robot applicator. 
This thus limits the size of component although very large 
vacuum chambers have been constructed. 
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1.4.6 Electroplating Plus Pack Cementation 
The most significant advancement in recent years was the 
developement of Pt modified aluminide coating. The method 
involves the electrodeposition of thin layer (upto lum) of 
Pt followed by a pack aluminising treatment during which the 
Al and Pt interdiffuse with each other and with the substrate 
alloy[73]. 
1.4.7 Fused Salt Electrolysis 
This is a high temperature process in which Al is deposited 
from a molten salt bath on to a nickel base alloy cathode[54] 
and then diffuses inward to form a nickel aluminide coating. 
The method is not very popular as it is highly expensive. 
1.4.8 Electron Beam Evaporation 
Another way of depositing a metallic coating on the substrate 
is by thermal evaporation of a metal source. The metallic 
vapour or vaporized metal is then condensed on the component 
to be coated. The basic methods employed for evaporation are 
beat or filamentory sources and electron beam evaporation. In 
electron beam vacuum evaporation, the kinetic energies of 
accelerated free electrons are converted into thermal energy 
when they strike the material to be evaporated. Electron beam 
evaporation offers several following advantages which are 
particularly relevent for the deposition of relatively thick 
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coatings in continuous operation[74,75]: 
(i) The evaporation rate can be varied over a large range 
0.001 to 1.0 nm/s, by varying the beam power and the 
power density. Vapour bubble tormation and associated 
damage caused by deposited coatings are significantly 
reduced; 
(ii) Large amount of coating materials can be evaporated by 
scanning the electron beam over melt pools with large 
surfaces; 
(iii) Virtually all types of materials can be evaporated from 
water cooled water crucibles, while maintaining high 
purity levels; 
(iv) Coating materials can be continuously fed to the 
crucible to facilitate continuous operations; 
(v) Multi-component alloy coatings having chemical 
composition maintained within narrow range can be 
deposited; 
(vi) Electron beam evaporation method can further be 
improved by using arc method and the other by plasma 
assisted evaporation method. 
1.4.9 Electrophoresis 
In this coating process finely divided particles of coating 
materials are suspended in a liquid dielectric medium and 
migrate under the influence of an electrostatic field and 
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deposi t on an e lec t rode . This migration takes place due to 
pos i t i ve and negative charges on the p a r t i c l e s , depending 
upon the composition of the system. The advantage of t h i s 
method i s that i t has a very high ra te of deposi t ion and a 
good control of th ickness . I t i s applicable for a va r i e ty of 
m a t e r i a l s , (both m e t a l l i c and ceramic)[76] . The major 
disadvantage i s that some coatings are ea s i l y damaged on 
h a n d l i n g , so a s e p a r a t e hea t t r ea tment i s r e q u i r e d for 
s i n t e r i n g and dens i f i ca t ion . 
1 .4 .10 Ion Implantation or Soft Vacutun Vapour Depos i t ion 
The method i s widely used for the appl ica i ton of dense , 
uniform and very adherent aluminide coat ings . This process 
has replaced cadmium e l ec t rop l a t i ng . As Cd has many drawbacks 
so Al has rep laced Cd. Aluminium c o a t i n g s p rov ide good 
c o r r o s i o n p r o t e c t i o n for high s t r e n g t h s t e e l s a t high 
t empe ra tu r e s wi thout caus ing embr i t t l emen t . Environemtal 
corrosion t e s t s of Al-coated s tee l Fasteners i n s t a l l e d on a 
C-130 a i r c rSf t have been r epor t ed to show b e t t e r 
performance [77-79] . The ion implanting process i s a l so known 
to modify grea t ly the r a t e of gas-metal r e a c t i o n s . These 
reac t ions were performed in oxidising condi t ions . The scale 
t h i c k n e s s was found to be more than t h a t of i n i t i a l l y 
implanted l a y e r s . I ron and t i t an ium were used as t e s t 
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materials[80-86] . The metals oxidized by outward cation 
diffusion face a complete blocking of the oxidation of 
metals and the implanted species are more easily oxidised 
than the host metal. But, in case of Ti, no blocking effect 
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was observed during oxidation and- it was concluded that ion 
implantation is not a suitable technique for protecting Ti 
against long term oxidation at temperatures above 700°C. 
Benet et al [87-89] used ion implantation technique in 
studying the high temperature oxidation studies. They 
produced ion implanted coating of Y, Ce,Si, Ti, Cs, Al and Li 
on Ti, Zr, Ni, Cr, Fe and Cu metals and their alloys. The 
oxidation studies indicate beneficial effects of Y, Ce and Si 
ion-implanted coatings on Fe-Cr alloy in the temperature 
range 700 - 1000°C for the period varying from 780 hrs to 
5000 hrs. 
1.5 PVD Thermal Barrier Coatings 
Hot corrosion and oxidation resistance can further be 
improved by applying coatings which provide thermal 
insulation. These are also used to reduce the thermal shock 
loads on the blades. The so called thermal barrier coatings 
(TBC) must be: 
(i) Sufficiently thick 
(ii) Should have low thermal conductivity and high thermal 
shock resistance. 
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(iii) They must have a high concentration of material voids 
to reduce thermal conductivity to a value well below 
that of the bulk material. 
(iv) The temperature difference between the outer surface of 
a TBC and the outer surface of substrate materials, 
coated or uncoated with other corrosion resistant 
bonding should be as high as 150°C . 
(v) An example of TBC coating of Zr02 stabilized by an 
addition of 7 wt% ^263 deposited using EB vacuum 
evaporation on an MCrAlY coated turbine blade. The 
dense columnar structure of coating, makes it highly 
resistant to thermal shock. The coating is bound by an 
intermediate alumina scale which provides additional 
corrosion resistance and better adhesion[75]. 
1.6 Laser Alloyed Coatings 
The limitations of many of the coatings (except diffusion 
coatings) are : 
(i) Their poor bonding with the substrate 
(ii) Uneven surface and 
(iii) High porosity. 
Specially in many spray techniques one way of modifying these 
coatings is by remelting the already coated surface, using a 
process which does not affect the bulk material and does not 
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require vacuum and other sophis t icated p e r i p h e r a l s . This can 
be achieved by g laz ing the coated surface using an intense 
l a se r beam. The l a s e r beam acts as an in tense heat source, 
which melts a l o c a l i s e d area very quickly, followed by very 
rapid coat ing. This r e s u l t s in a novel s t r u c t u r e which is 
from micro c r y s t a l l i n e to amorphous. Such a s t r u c t u r e i s good 
to achieve low dif fus ion ra tes and thus ac t s as a be t te r 
b a r r i e r to the environment. The success of the technique, 
depends upon t h e c o a t i n g technique and p rope r choice of 
l a s e r p a r a m e t e r s . Severa l coa t ing methods, such as 
e l e c t r o d e p o s i t i o n , s l u r r y and spray t e c h n i q u e s have been 
employed. I t i s not necessary always to coat the material 
f i r s t before l a s e r t reatment . A simultaneous feed of powder 
along with the beam movement can lead to s imi la r r e su t l s but 
l a se r i n t e r ac t i on time and the to t a l l a s e r power are the most 
important. A p lo t of two leads to d i f f e r en t processes as 
shown in f igure [1.1] . I t can be seen tha t the l a se r surface 
al loying or l a s e r g laz ing requires high i n t e r a c t i o n time and 
low power. 
Recently, several exce l len t reviews on l a s e r surface alloying 
have appeared in the l i te ra ture[90-91] . Excellent work on the 
improvement in t h e o x i d a t i o n r e s i s t n c e of mild s t e e l by 
s t a i n l e s s , chromium and chromium+nickel and the effect of 
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laser parameters has been published[92-94]. The formation of 
surface alloys of active elements on superalloy surface has 
shown improvement in their oxidation behaviour[95]. 
1.7 The Coating Degradation Mechanism 
By knowing the type of degradation mechanism the coating is 
expected to undergo, the coating process can be modified. The 
possible degradation mechanisms are : 
(i) Simple oxidation 
(ii) Oxidation and sulphidation 
(iii) Oxidation, Sulphidation with hot corrosion 
(iv) Erosion corrosion either alone or in combination with 
oxidation, sulphidation and hot corrosion. 
The oxidation and sulphidation are the most common types of 
degradation mechanism at high temperatures, where the 
material degrades forming oxide, sulphide or a mixture of 
both oxide and • sulphide. This depends upon the partial 
pressure of oxygen, sulphur vapour and the temperature. The 
extent of degradation by oxidation and sulphidation is 
increased if a salt deposit is present on the component. This 
type of degradaion in the presence of a salt deposit is 
termed as hot corrosion. 
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1.8 Hot Corrosion 
The high temperature gaseous oxidation of transition metals 
and their alloys is normally protective and obeys a parabolic 
rate law. But oxidation is sometimes accelerated greatly when 
an electrolytic deposit, (a thin layer of fused salt, ash or 
oxide), covers the surface of the metal or alloy. 
This phenomenon is called "hot corrosion" in broadest sense. 
A wide variety of electolytic deposits, which include alkali 
and alkaline earth sulphates, chlorides, carbonates, and 
vanadates are known to cause hot corrosion, but Na2S04 has 
received greatest attention due to its involvement in actual 
engineering systems. In high temperature applications based 
on fossil fuel energy generation or conversion, salt or ash 
containing environments often exist; the molten salt(s) 
deposit on the machinery components and initiates accelerated 
corrosion or hot corrosion[96]. During a hot corrosion 
attack, molten salts react with the metallic material(s) of 
construction in a processing plant such as fossil fuel power 
generating units and causes a depletion of the alloying 
elements required to form a protective oxide film on the 
surface of mechine parts. 
The hot corrosion is a complex and natural process and occurs 
in many energy conversion and generation systems[97-99], 
resulting in the loss of billion of rupees annually. The 
33 
heavy losses due to corrosion at elevated temperatures, the 
general trend towards increasing operational temperature in 
order to achieve higher efficiencies and lack of primary 
energy resources, compelled the scientists and technologists 
to find out the root cause and mechanism of corrosion and 
participate in the development of low cost high strength 
corrosion resistant alloys and coatings[3,7,71,100] . 
Since early seventies, considerable work has been reported on 
the influence of alloy addition on the hot corrosion 
behaviour of high temperature alloys, for example, Goebel et 
al [101] examined hot corrosion of Ni-base alloys containing 
Cr, Al, W, Mo and V additions. Stringer [96] discussed it at 
length in an excellent review and Rapp et al [97] also 
published a review. Many references are available dealing 
with the phenomenology of Na2S0^ induced hot corrosion 
atack.But our knowledge regarding the chemical reactions 
taking place between molten Na2S04 and the scales on the 
alloy consisting of slow growing oxides of Cr203 / AI2O3 / 
Si02 or the oxides of common alloying additions which are 
usually present in the outer oxide layers is rather limited. 
One of the factors that affects the oxidation resistance of 
the protective oxide scales is the solubilities of the 
protective metal-oxide in molten Na2S0^. However, only a 
limited amount of work has been carried out related to the 
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solubilities of metal oxides in Na2S04[102-107]. Rapp[108] in 
his Whitney award lecture presented a compilation of measured 
solubilities in fused Na2S04 at 1200 K for PQ = l atm for 
the oxides of principal interest to high temperature alloys 
and coatings and emphasized the importance of local chemistry 
within a fused salt film. Recently, the resutls of a study 
concerning with the high temperature interactions of some 
transition and non-transition metal oxides and carbides, 
separately with Na2S04 and NaCl, have been published[109-
112,130]. The information regarding the high temperature 
interaction between metal oxides or carbides with Na2S04 or 
NaCl, and the proper identification of the reaction products 
is useful in understanding the occurrence and importance of 
fluxing reactions and thus in the interpretation of hot 
corrosion mechanism and in the development of new protective 
materials and coatings. 
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1.9 Work Presented in the Thesis 
The present work was undertaken to study the high temperature 
oxidation and hot corrosion behaviour of aluminide and rare-
earth containing aluminide coatings on mild steel. The work 
carried out during this investigation is distributed into two 
chapters. 
Chapter I 
This chapter contains the brief survey of the work relevant 
to high temperature coatings. Except for some early 
poineering papers, this dissertation includes ; literature 
survey from the selected research papers, reviews, reports 
and conference proceedings published on high temperature 
coatings during the last two decades. 
Chapter II 
This chapter contains the results of the studies concerning 
with the high temperature oxidation and hot corrosion 
behaviour of aluminide coating on mild steel. The preparation 
of aluminide and rare-earth containing aluminide coatings 
have been described. The oxidation studies have been carried 
out in the temperature range of 700-900°C and hot corrosion 
studies have been carried out at varying Na2S04 
concentrations at 700, 800 and 900°C. The performance of the 
coatings both at high temperature and in presence of Na2S04, 
have been studied by oxidation kinetics,metallography and SEM. 
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Fig. 1.1 Effect of hot corrosion on the oxidation rate. 
HTHC and LTHC represent high temperature and low 
temperature hot corrosion respectively. 
EXPEMMENTATION 
CHAPTER [2] 
HIGH TEMPEIATDRE OXIMTION MD HOT 6CRR0SHIH 
BEHUnoDR OF AUMUDE u i B R R R K i R n c o H n n m e 
AUnnNHK GOfflNG ON MHJI STEEL 
2.1 Introduction 
The oxidation resistance of high temperature alloys is 
achieved both by lowering the oxidation rate and by improving 
the adherence of scales. The adherence of scale is very 
important in service conditions where alloys are subjected to 
thermal cycles of heating and cooling. The addition of Si to 
Ni-Cr alloys decreases the oxidation rate, but it makes the 
scale sensitive to spalling during cooling [113] . The 
simultaneous addition of Si and rare-earth elements markedly 
improves the scale adherence because of the formation of the 
keying-on structure in which oxide scale protrude into the 
alloy substrate[114,115].Funkenbusch et al[116] have proposed 
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that addi t ion of react ive elements such as Y and Hf reduces 
the s e g r e g a t i o n of i m p u r i t i e s a t the oxide s c a l e - a l l o y 
i n t e r f a c e . The segregation degrades the adherence of oxide 
sca l e . The super f ic ia l appl ica t ion of r a re -ea r th oxides on 
heat r e s i s t i n g al loys has been found to be effect ive in 
improving the oxidation resistance[117-120] . The oxidation 
behaviour of Fe-20, Cr-4, Al a l loys containing O.Ol, 0.04 and 
0.37% Ce was studied in a i r a t temperature between 1273 and 
1523K[121] . Higher Ce addit ions r e su l t ed in good adherence of 
s u r f a c e o x i d e - a l l o y i n t e r f a c e , and pegging e f f e c t of 
i n t e r g r a n u l a r oxide p r e f e r e n t i a l l y formed a t the g r a i n 
boundaries . Mitani et al[122] incorporated La203, "^2^3' 
AI2O3; Ti02, Cr203 and Si02 in to Fe-20, Cr al loy to evaluate 
the e f f e c t of the d i spe r sed oxides on the ox ida t i on 
r e s i s t a n c e , AI2O3 had nominal e f fec t , Ti02 and Cr203 showed 
no b e n e f i c i a l e f f ec t but La203 and Y2O3 a d d i t i o n have 
exce l len t effect on oxidation r e s i s t a n c e . The above r e s u l t s 
provide a strong incentive for understanding the role of 
r a r e - e a r t h elements in improving the oxidation res i s t ance . 
In r e c e n t y e a r s , inorganic c o a t i n g s on a l l o y s have been 
e x t e n s i v e l y used to p r o t e c t or reduce high tempera ture 
o x i d a t i o n and hot c o r r o s i o n . The i n v e s t i g a t i o n on high 
t e m p e r a t u r e ox ida t i on and hot c o r r o s i o n behaviour of 
phosphate, s i l i c a t e , borate and s i l ica te-chromate coatings on 
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s t ee l ind ica tes t ha t b e t t e r oxidation fes i s tance can be 
obtained upto 1000°C [123,124]. However, the coatings did not 
wi ths t and a g g r e s s i v e a t t a c k from environments con ta in ing 
ionic s a l t s except s i l ica te-chromate coat ing[125] . The hot 
co r ro s ion behav iour of mild s t e e l coa ted with complex 
s i l i c a t e in presence of Na2S04 have been studied in the 
temperature range 700-900^C[126]. I t was observed that in 
ionic s a l t environments the coated a l loys show much superior 
performance than uncoated al loys upto 800°C. At and above 
800°C a f t e r an i n i t i a l p r o t e c t i v e p e r i o d , f lux ing and 
su l f ida t ion d i s rup t the coating r e su l t i ng in rapid a t tack . 
A f a i r l y l a r g e amount of data on t he high tempera ture 
oxidation and hot corrosion performance of aluminide and 
re la ted coatings i s avai lable in the l i t e r a t u r e [ 1 2 7 ] . In 
genera l , t he a lumin ide coa t ings o f f e r good ox ida t ion 
r e s i s t a n c e , which i s improved e i t h e r by i n c r e a s i n g the 
coating thickness or r a re -ea r th oxides add i t ion . The presence 
of r a r e - e a r t h ox ides in the coa t ing c o n t r i b u t e s in the 
formation of smal l pegs or r i dges a t the a l l o y / s c a l e 
in ter face r e s u l t i n g in the s ignif icant reduct ion in oxidation 
r a t e s . These pegs act as fasteners between AI2O3 and alloy 
substra te[115,127-129] . Pure aluminide coatings have poor 
res i s tance to hot corrosion. Under su l f i da t i on conditions, 
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the coatings do not provide long term protection: Na2S04 
reacts with AI2O3, which is the actual protective layer of 
the aluminide coating, forming non-protective aluminate. The 
improved hot corrosion resistance of some rare-earth modified 
aluminides have recently been reported[25]. However, the role 
of rare-earth oxide addition on the hot corrosion behaviour 
of aluminide coatings is perhaps yet to be systematically 
studied. 
The present work was undertaken to investigate the effect of 
rare earth oxide addition on the oxidation and hot corrosion 
behaviour of aluminide coating on mild steel in the 
temperature range of 700-900°C. 
2.2 Experimental 
2.2.1 Alloys Used 
Commercially acquired mild steel containing about 0.2 0%C was 
taken as substrate alloy. Strips, 20x8x1 mm in size, were cut 
from sheet of mild steel and were used for coating purposes. 
2.2.2 Chemicals Used 
Al meta l powder, AI2O3 and NH^Cl were a l l reagent g rade BDH 
p r o d u c t s . R a r e - e a r t h o x i d e s , Ce02 and La203, were 
s p e c t r o s c o p i c a l l y pure chemcia ls (John Mathew P r o d u c t s ) . 
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2.2.3. Specimen Preparation 
A 0.4 mm suspension hole was made near the middle of one end 
of the specimen. The specimens were sequentially abraded with 
180, 320, 500 and 600 grit SiC papers using a motor driven 
disc polisher. The specimens were then washed and degreased 
by CCI4 and alcohol. 
2.2.4. Apparatus Used for Kinetic Studies 
The Kinetic sutdies were carried out on a Laboratory 
fabricated helical thermal balance with a Cathetometer 
arrangement using a nichrome wound electric resistance 
furnace or a hot stage Sartorius electronic microbalance 
(Model, 4410-MP8; sensitivity, 1 jug) attached with a pen ink 
recorder. 
2.2.5 Coating Preparation 
2.2.5.1 Al\uainide Coating 
The aluminide coating was prepared by pack cementation 
process. Polished mild steel strips were kept completely 
covered in a bed of homogeneous coating mixture containing 
65%A1 metal powder, 34% AI2O3 and 1% NH^Cl (by weight) in 
silica boats. The silica boats were placed in a muffle 
furnance maintained at about 650°C and heated for l hour in 
an inert atmosphere and finally cooled in the furnance. An 
extremely adherent, thin (thickness «-60 fjm) dark coating was 
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formed on the mild steel specimens. 
2.2.5.2 Rare-earth Oxide-Containing Aluminide Coatings 
Aluminide coating-containing varying amounts of rare-earth 
oxides e.g. 0.5%, 1.0% and 1.5% (by weight ) were prepared. 
The method of application and heat treatment were similar to 
those used for aluminide coating. 
2.2.5.3 Sodixom Sulphate (NajSO^) Coating 
Pure aluminide and rare-earth containing aluminide coated and 
uncoated mild steel specimens were uniformly coated with 
varying amount of Na2S04 eg. --Img/cm,--2 mg/cm^ and^ -Bmg/cm^ . 
The coating was prepared by spraying nearly saturated 
solution of Na2S04 on specimen preheated at about 300°C. The 
spraying was continued till an uniform coating of Na2S04 
covering all the faces of specimens was obtained. The salt 
coated specimens were dried and weighed before hot corrosion 
studies. 
2.2.6 Oxidation Kinetics 
The oxidation studies were carried out in the temperature 
range of 700-900°C in a stream of air using either a 
laboratory fabricated helical balance or a hot stage 
Sartorius electronic microbalance. The oxidation runs were of 
usually 24 hour duration. 
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2.2.7 Hot Corrosion Studies 
Hot Corrosion studies of coated and uncoated specimens were 
carried out under atmospheric pressure in presence of varying 
concentrations of Na2S04 in the temperature range of 700-
900°C in flowing air. The corrosion runs were of 1,6,12 and 
24 h duration . Salt coated specimens were placed in silica 
boats and transferred in a horizontal tubular furnance 
maintained at the desired temperature. After completion of 
the run, the samples were taken out, cooled in a desicator 
and weighed. 
2.2.8 Metallographic Studies 
A Computerized Leitz photometallurgical microscope (Metallux-
2) was used for metallographic studies. The specimens were 
mounted in paper moulds using Araldite as a cold setting 
resin. The specimens were ground on different grit SiC papers 
followed by polishing with different grade diamond paste 
using Kerosineas the lapping liquid. 2% Nital was used as 
etchant. The polished and etched specimens were examined 
under the microscope and relevant portions were photographed. 
2.2.9. Scanning Electron Microscopic (SEM) Studies 
SEM studies were carried out using a JOEL electron 
microscope JSM 840. Polished specimens were coated with 
colloidal gold emulsion and their structures were examined 
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through the microscope. The desired regions of scales and 
substrate were photographed at an appropriate magnification. 
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PART-A 
High Temperature Oxidation Behaviour of Aluminide and 
Rare-Earth Containing Aluminide Coating on Mild Steel 
2.3 Results 
2.3.1 Oxidation Kinetics 
Figures 2.1 to 2.6 show weight gain vs time plots for the 
oxidation of aluminide coating on mild steel in presence of 
varying concentration of Ce02 and La203 at 700, 800 and 900°C 
in air. The weight gain vs time plots are parabolic as 
indicated by the linear nature of (weight gain)^ vs time 
plots (Figures 2.7-2.12) . Table, l lists the values of 
parabolic rate constant, Kp, for the oxidation of different 
coatings at different temperatures. With a few exceptions, 
the oxidation rates of Ce02-containing aluminide coating is 
much lower than the pure aluminide coating, irrespective of 
the concentration of Ce02• 
However, in case of La20-j - containing aluminide coating, the 
lowering in Oxidation rate is more pronounced at 800°C. 
Figures 2.13 to 2.14 show Arrhenius plots (log Kp vs 1/T) for 
the oxidation of coated alloys in presence of rare-earths. In 
most of the cases the law is followed. The values of 
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activation energies for the oxidation of aluminide coatings 
in presence of varying concentration of Ce02 and La203 are 
listed in table 2. 
2 3.2 Morphological Studies 
2.3.2.1 Surface Morphology 
Figures 2.15 to 2.18 show some typical photomicrographs of 
surface structure of uncoated and coated specimens as 
examined under optical and scanning microscope. In case of 
pure aluminide coating on mild steel presence of 3-phases 
namely, intermetallic FeAl3 or FeAl^ (grey), AI2O3 (white) 
and Fe203 (black) is indicated. In case of rare-earth oxide 
containing aluminide coating, rare-earth oxide either appears 
as single phase (light grey) or in combination with Fe-Al 
spinel. The addition of rare-earth oxide produces coalescence 
in the grain structure and by and large the microstructures 
are similar. 
2.3.2.2 Scale Morphology 
Figures 2.19 to 2.21 show some representative 
photomicrographs of a cross-section of aluminide coating on 
mild steel oxidized in the temperature range of 700-900°C. 
Multilayered scales are formed which seems to be reasonably 
adhered to the alloy substrate. The inner scales consist of 
AI2O3 admixed with FeO and the outer scales are mainly 
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comprised of Fe203. At 900°C, the attack is severe due to 
oxidation and the scales are separated from the matrix. The 
inner most scales contain AI2O3 followed by layers of 
Fe203/Fe304. 
Figures 2.22 to 2.27 show some typical photomicrographs of a 
cross section of rare-earth oxide containing aluminide 
coating on mild steel. At 700 and 800°C, relatively thin 
scales are formed adjacent to alloy interface. The•scales are 
quite adherent, the inner AI2O3 scales are intact and linked 
with the outer Fe203 scales by peg provided by rare-earth 
oxides. At 900°C, the coating is oxidized to a greater extent 
leaving a thick oxide scale. In some cases the scales are 
porous and are separated from the alloy substrate, this can 
be attributed to the decarburization during oxidation. 
2.4 Discussion 
The oxidation rates of mild steel are significantly lowered 
down in the presence of both bare aluminide coating as well 
as rare-earth containing aluminide coating in the 
temperature range of 700-900°C. The oxidation of coated 
alloy proceeds by a diffusion controlled mechanism which is 
indicated by the linearity of (weight gain) ^  vs time plots 
and results in the formation of copious oxide scales 
depending upon the temperature. 
47 
The results of oxidation Kinetics and microstructural studies 
indicate that at lower temperature, the oxide scales formed 
on the aluminide coating are uniform, compact and well 
adhered. The presence of rare-earth oxides in aluminide 
coating results in significant lowering in oxidation rates of 
aluminide coated mild steel. This can be attributed to the 
good adherence of surface oxide due to the prevention of void 
formation at the alloy/scale interface and pegging effect of 
rare-earth oxides preferentially formed at the grain 
boundaries. There is an increase in the values of parabolic 
rate constant with rise in temperature from 700 to 900°C. 
This can be attributed to the decarburization during 
oxidation. During the oxidation of coated alloy there is 
evolution of carbonaceous gases (CO/CO2) which disrupt 
otherwise protective scales . As a result fresh alloy is 
exposed to air and alloy oxidizes at a faster rate. The 
photomicrographs show clear evidence of decarburization. 
However, at higher concentration of rare-earth oxides the 
effect of decarburization appears to be minimal, the effect 
of rare-earth oxide addition is more clearly pronounced and 
oxidation rates are significantly lowered down. 
48 
2.5 Conclusions 
1. The oxidation rates of mild steel are significantly 
lowered down in presence of aluminide coating in the 
temperature range of 700 - 900°C. 
2. At relatively low temperature (i.e. up to 800°C), the 
oxidation rates of rare-earth containing aluminide coating 
are much lower than the pure aluminide coating. However, 
above 800°C, the lowering in oxidation rates are observed 
only in the coating containing higher concentration of 
Ce02. 
3. The oxidation rates of both coated and uncoated alloy 
increase with increase in the temperature from 700-900°C. 
This is attributed to the decarburization during 
oxidation. 
4. The presence of rare-earth oxides seems to negate the 
effect of decarburization upto 800°C. Above 800°C, 
decarburization seems to upset the beneficial effect of 
rare-earth oxides addition. 
5. The presence of rare-earth oxides in the aluminide coating 
markedly improves the scale adherence. This is attributed 
to the formation of keying-on structure in which oxide 
scales protrude into the alloy substrate. 
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TABLE-1 
Values of paraboplic rate constant Kp (gem s ) of pure Aluminide coating and 
R^DjContaning aluminide coating on mild steel in the temperature range 
of 700-900 °C. 
COATINGS 
Aluminide pure 
Aluminide + CeCXp.5% by wt.) 
Aluminide+ CeC^(1.0 " ) 
Aluminide+ CeOJ^  1,5 • ) 
Aluminide + LaJDJO.S « ) 
Aluminide+ LaX)J 1.0 • ) 
Aluminide + LaJDL(1.5 h ) 
TEMPERATURE RANGE ( C ) 
SO 
TABLE-2 
Activation energies for the oxidation of pure Aluminide and 
Rare-earth oxide containing Aluminide coatings. 
COATINGS 
Alttasiaide + Ct(^{LS% bjr ^ ) 
Ahipm^dlB+CeO^05 ,« ) 
Akaiiimde^Lai]^(td » > 
ACTIVATION 
ENERGIES 
Q(CaUmoL)10 
r*'.*' 
C f ^ 
FIGURES 
HIGH TEMPERATURE OXIDATION 
KINETICS 
—X- Plain mild s t e e l 
—•— Al\uninide 
^ -Aluminide •*• Ce02 (1.5%) 
Aluminide -t- Ce02 (1.0%) 
Aluminide •*• CeO^ (0.5%) 
-ir "DT 
8 12 16 20 
Time (Hrs.) 
2A 
Fig. 2.1 Weight gain vs time plots for aluminide coating on 
mild steel containing different concentrations of 
Ce02/ oxidized at 700°C 
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-*^Plain mild steel 
—•— Aluminide 
—O—Aluminide + 
m 
I 
o 
H 
X 
20 Aluminide + LajO^ + La203 •Aliiminide 
(1.5%) 
(1.0%) 
(0.5%) 
Time (Hrs.) 
Fig.2.2 
Weight gain vs time plots for alximinide coating on 
mild steel containing different concentrations of 
^^2^3' oxidized at 700°C 
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P l a i n m i l d s t e e l 
—•—Aluminide 
—CX-Aluminide + CeO- (1.5%) 
(1.0%) 
(0.5%) 
U 8 12 16 20 
Time (Hrs . ) 
24 
F i g . 2 . 3 Weight gain vs time plots for aluminide coating on 
mild steel containing different concentrations of 
CeOj/ oxidized at 800"C 
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Fig. 2.4 Weight gain vs time plots for aliiminide coating on 
mild steel containing different concentrations of 
La203, oxidized at 800°C 
—X-Plain mild steel 
—#—Alxuninide 
—O—Aluminide + CeO-
Alxuninide •*• CeO' 
Altuninide 
(1.5%) 
(1.0%) 
(0.5%) 
Time (Hrs.) 
Fig.2.5 
'^ilV'ltllV'c7ntV-^iI'TJ°'' •l™"i<'e coating on 
C^2- oxrdizad at so^.c""*"' concentration! of 
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—it-Plain mild s t e e l 
-^•-Aluminide 
—O—Aluminide + 
-O—Aliu&inide + 
—V^Aliuninide •»• 
La 20^ 
(1.5%) 
(1.0%) 
(0.5%) 
8 12 15 
Time (Hrs.) 
Fig.2.6 Weight gain vs time plots for aluminide coating on 
mild steel containing different concentrations of 
La203, oxidized at 900°C 
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Alxuninide 
Aluminide 
Alvuninide 
Aluminide 
(1. 
(1. 
(0, 
5%) 
0%) 
5%) 
Time (Hrs.) 
Fig.2.7 (Weight gain) vs time plots for aluminide coating 
on mild steel containing different concentrations 
of CeOo/ oxidized at 700"C 
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Aluminide 
Alximinide + La203 
Altuninide + LajOj 
Aluminide + LajOj (0.5%) 
(1.5%) 
(1.0%) 
Time (Hrs.) 
Fig. 2.8 (Weight gain) vs time plots for aluminide 
coating on mild steel containing different 
concentrations of La203, oxidized at VOCC 
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Fig. 2.9 (Weight gain) "^  vs time plots for aluminide coating 
on mild steel containing different concentrations 
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Fig.2.14 Arrhenium plots for the oxidation of aluminide 
coating containing different concentrations of 
La203. 
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Fig.2.15 Optical photomicrograph of uncoated mild steel 
(X 625) 
Fig.2.16 Optical photomicrograph of pure Aluminide surface 
coating on mild steel (x 1250) 
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Fig.2.17 SEM picture of Aluminide surface coating on mild 
steel containing 1.5% Ce02 (x 1000) 
Fig.2.18 SEM picture of Aluminide surface coating on mild 
steel containing 1.5% La203 (x 1000) 
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Fig.2.19 Optical photomicrograph of Aluminide coating 
mild steel, oxidized at 700°C (x 125) 
on 
Fig.2.20 Optical photomicrograph of Aluminide 
mild steel, oxidized at 800°C (x 125) coating on 
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Fig.2.21 Optical photomicrograph of Alurainide coating on 
mild steel, oxidized at 900°C (x 250) 
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Fig.2.22 Optical photomicrograph of Aluminide coating on 
mild steel containing 1.5% Ce02, oxidized at 700°C 
(X 125) 
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Fig.2.23 SEM picture of Aluminide coating on mild steel 
containing 1.5% Ce02, oxidized at 800°C (x 1000) 
Fig.2.24 Optical photomicrograph of Aluminide 
coating on mild steel containing 1.0% Ce02, 
oxidized at 900°C (x 125) 
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Fig.2,25 SEM picture of Aluminide coating on mild steel 
containing 1.5% La203, oxidized at 800°C (x 1000) 
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vr 
Fig.2.26 Optical photomicrograph of Aluminide coating on 
mild steel containing 1.0% La^O-, oxidized at 800°C 
(X 125) 
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it'i 
Fig .2 .27 Opt i ca l photomicrograph of Aluminide c o a t i n g on 
mi ld s t e e l c o n t a i n i n g 1.5% LapO^, o x i d i z e d a t 
900°C (x 125) 
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PART-B 
Hot Corrosion Behaviour of Aluminide and Rare-
Earth Containing Aluminide Coating on Mild Steel 
2.6 Results 
2.6.1 Hot Corrosion Studies 
The hot corrosion studies on coated and uncoated alloys were 
carried out in presence of varying concentration of Na2S04 in 
the temperature range of 700-900°C. Hot Corrosion runs were 
usually of 1 hr, 6 hrs, 12 hrs and 24 hrs durations. The 
experimental details have already been described. 
2.6.2. Oxidation Studies 
Figures2.28 to 2.31 show weight gain vs amount of Na2S04 
deposited for uncoated mild steel, aluminide, and rare-earth 
containing aluminide coated mild steel at 700, 800 and 900°C 
for 1,6,12 and 24hrs, respectively. A study of the weight 
gain vs amount of Na2S04 deposited indicates mainly two types 
of behaviour. The first type shows no significant change in 
weight gain values with increasing amount of Na2S04 
concentration. This type of behaviour is exhibited by both 
coated and uncoated steel at 700°C. The second type shows a 
decrease in the weight gain values with increasing Na2S04 
concentration. This type of behaviour is exhibited by both 
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plain mild steel and aluminide coated mild steel at 800 and 
900°C. However, in case of rare-earth containing aluminide 
coating there is no significant change in weight gain values 
on varying concentration of Na2S04 at all the three 
temperatures. Figure 2.32 shows weight gain vs time plots 
for the coated and uncoated mildsteel in presence of 5mg/cm 
of Na2S04 at 700, 800 and 900°C. A study of the weight gain 
vs time plots indicates that, at 700°C, the oxidation rate of 
aluminide coated mild steel is lower than uncoated mild 
steel. However, at 800 and 900°C, the oxidation rate of 
aluminide coated mild steel is higher than uncoated mild 
steel. The presence of rare-earth oxide has significantly 
lowered the oxidation rate at all the three temperatures i.e. 
700,800 and 900°C. 
2.6.3. Morphological studies 
Figure 2.33 shows a photomicrograph of a cross section of 
plain mild steel specimen oxidized in presence of Na2S04 at 
700°C. Multilayered scales are formed in which inner layer 
consists of FeO, followed by relatively thick FCTO^ layer and 
outermost thin layer of Fe203. A discrete thick layer 
containing crystalloids of Na2S04 is distinct in the 
microstructure. Figure 2.34 shows a photomicrograph of the 
oxidized alloy at 800°C. The scales are detached from the 
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alloy, as revealed by micrograph, due to decarburization. The 
multilayer thick scales contain FeS in the outer layers, the 
middle layer contains NaFe02/Na2Fe02 and the inner layer 
contains FeO with inclusions of FeS. 
Figures 2.35 to 2.41 show some typical photomicrographs of 
the cross-section of aluminide and rare-earth containing 
aluminide coated mild steel in presence of varying 
concentration of Na2S04 at different temperatures. In 
general, at 700°C, little hot corrosion attack is observed, 
the scales are relatively thin and adhered to the coating. 
At 800°C, considerable hot corrosion attack is observed, the 
scales are thicker but detached from the steel. 
2.7 Discussion 
The weight gain vs amount of Na2S04 deposited and weight gain 
vs time plots provide some useful information regarding the 
hot corrosion behaviour of aluminide and rare earth 
containing aluminide coating on mild steel in the temperature 
range of 700-900°C. At 700°C, there is manifestation of 
little or no attack on both coated and uncoated alloys and 
coating by and large remains intact. It appears that at lower 
temperature (i.e. 700°C) the amount of Na2S04 deposited is 
not an important parameter and it does not have a significant 
effect on the hot corrosion of plain mild steel and aluminide 
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and rare-earth containing aluminide coated mild steel. This 
could be attributed to the absence of complete interaction 
between Na^SO^ and multioxide scales present on the steel. 
After initial oxide formation (responsible for weight gain) 
Na^SO^ seems to act as a barrier layer and practically there 
is no change in weight gain with increasing Na2S04 
concentration. At 800 and 900°C, the attack is quite 
appreciable and there is a decrease in the weight gain values 
with increasing Na2S04, concentration. A decrease in the 
weight gain value with increasing Na2S04 concentration is 
presumably due to thermal decomposition of salt to Na20 and 
subsequent expulsion of SO2/SO3 (g) . This is represented by 
following general reactions [131] . 
Na2S04(s) » Na20 (s) + S (1) + 3/2 O2 (g) (i) 
Na2S04 (s) > Na20 (s) + SO2 (g) + 1/2 O2 (g) (ii) 
Na2S04 > Na20 (s) + SO3 (g) (iii) 
If the thermodynamic conditions permit, then the Na20 formed 
may dissolve the metal oxides, (multi-oxide scales already 
present on the steel) to give sodium metaloxide and sulfur 
and /or S-oxide gases may react with metal oxides to form 
metal sulfide. This can be represented by the following 
general reactions: 
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Na20 + MO • * Na20-M0 (iv) 
MO + S • *> MS + 1/2 O2 (v) 
MO + 4SO2 »• MS + 3SO3 (vi) 
Some sulphidation is also noticed in the vicinity of alloy / 
scale interface because of penetration of Na2S04 into the 
alloy. 
At 800 and 900°C, some variations in the oxidation rates are 
observed perhaps due to gaps, cracks or discontinuity in 
the Na2S04 layer, this may allow the air to review the 
contact with the alloy resulting in the oxidation of alloy at 
a much faster rate. 
In case of rare-earth containing aluminide coating there is 
no appreciable change in weight gain values on varying amount 
of Na2S04 at a particular temperature. However, there is an 
increase in weight gain values with increasing temperature 
and increasing exposure period. It appears that at a fixed 
temperature corrosion rates are independent of Na2S04 
concentration. A study of weight gain vs time plots indicate 
that pure aluminide coating shows poor resistance to hot 
corrosion than the plain mild steel. It could be attributed 
to the reaction of Na2S04 with the protective AI2O3 forming 
non-protective aluminate. However, the addition of rare-earth 
oxide has significantly improved the hot corrosion 
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performance of alutninide coating. Improved hot corrosion 
resistance of superalloys by rare-earth addition has already 
been reported[25] . 
The results from the metallographic studies indicate that at 
lower temperature the scales are relatively thin and adhered 
to the coating. However, at high temperature the scales are 
detached from the steel due to evolution of carbonacious 
gases (CO/CO2) which exert stress on the already fragile 
scale. As a result of dismemberment of the scales, fresh 
alloy is exposed to the air and alloy oxidizes at a faster 
rate. 
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2.8 Conclusion 
1. The pure aluminide coating on mild steel shows poor hot 
corrosion resistance than plain mild steel. 
2. The hot corrosion resistance of rare-earth containing 
aluminide coating is better than the plain mild steel and 
aluminide coated mild steel. 
3. In case of rare-earth containing aluminide coating, at a 
particular temperature, corrosion rates are independent of 
Na2S04 concentrations. 
4. At 700°C, the hot corrosion attack on both coated and 
uncoated mild steel is insignificant. 
5. At 800* and 900°C, the attack is quite appreciable and 
presumably proceeds by fluxing and sulfidation mechanisms. 
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FIGURES 
HOT CORROSION KINETICS 
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Fig.2.33 Optical photomicrograph of uncoated mild steel 
oxidized in presence of 3 mg/cm^ Na-,SO. at 700° 
(x 125 
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Fig.2.34 Optical photomicrograph of uncoated mild steel, 
oxidized in presence of 3mg/cm NanSO. at 800°C 
U 125) " ^ 
87 
Fig .2 .35 Opt ica l photomicrograph of Aluminide c o a t i n g on 
mi ld s t e e l , o x i d i z e d in p r e s e n c e of 3mg/cm 
Na2S04 a t 700°C (x 125) 
88 
Fig .2 .36 O p t i c a l photomicrograph of Aluminide coa t ing on 
m i l d s t e e l , o x i d i z e d i n p r e s e n c e of Bmg/cm^ 
Na2S04 a t 800°C (x 125) ^"'y/cm 
89 
Fig.2.37 Optical photomicrograph of Aluminide coating on 
mild steel, containing 1.5% Ce02, oxidized in 
presence of 3mg/cm^ Na2S04 at 700°C (x 125) 
Fig.2.38 SEM picture of Aluminide coating on mild steel, 
containing 1.5% Ce02, oxidized in presence of 
2mg/cm2 Na2S04 at 800^C (x 1000) 
90 
Fig.2.39 Optical photomicrograph of Aluminide 
coating on mild steel, containing 1.5% Ce02, 
oxidized in presence of 3mg/cm^ NapSO^ at 800^C 
(X 125) 
91 
Fig.2.40 Optical photomicrograph of Aluminide coating on 
mild steel, containing 1.5% La203, oxidized in 
presence of 3mg/cm^ Na2S04 at 800°C (x 125) 
Fig.2.41 SEM picture of Aluminide coating on mild steel, 
contaijiing 1.5% La203, oxidized in presence of 
2mg/cm'^ Na2S04 at 8(10"^ C (x 1000) 
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